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ABSTRACT Three greenhouse experiments were conducted to evaluate western corn rootworm,
Diabrotica virgifera virgifera LeConte, beetle emergence from individual pots containing glyphosate-
tolerant transgenic corn, Zea mays L., expressing the Cry3Bb1 endotoxin from the soil bacterium
Bacillus thuringiensis Berliner (MON863), nontransgenic glyphosate-tolerant isoline corn, grassy
weeds(giant foxtail,Setaria faberiR.A.W.Herrm;and largecrabgrass,Digitaria sanguinalis(L.)Scop.),
and combinations thereof infested with 40 neonate larvae. In the Þrst two experiments, pots with corn
and weed combinations were treated with glyphosate 5 d after larval infestation to kill the weeds. The
third experiment was similar to the Þrst two except that untreated cornÐweed combinations were
added. In all three experiments beetle emergence varied signiÞcantly. Beetle recovery generally did
not vary between the nontransgenic, nontransgenic � weeds, and MON863 � weeds. SigniÞcantly
more beetles were recovered from MON863 � weeds than MON863 alone or weeds alone. Beetle
emergence from MON863 � weeds was likely enhanced by larvae that initially survived on weeds
before application of glyphosate. Preliminary data indicated that fecundity was highest from beetles
reared on nontransgenic isoline corn and fewer eggs were laid by beetles reared on MON863 alone.
Egg viability was generally lowest from beetles reared on MON863. The implications of these results
in relation to insect resistant management are discussed.
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WESTERN CORN ROOTWORM, Diabrotica virgifera virgifera
LeConte (Coleoptera: Chrysomelidae), is one of the
major pests of corn, Zea mays L., in the Corn Belt
(north central United States). Because the damage by
the corn rootworm complex has such a negative im-
pact on corn production, several management tactics,
such as soil-applied insecticides, crop rotation, and
foliar sprays (to reduce beetle populations) are used
to control these pests. However, insecticide resistance
(Meinke et al. 1998, Wright et al. 2000), behavioral
variants (Levine et al. 2002), and extended diapause
(Krysan et al. 1986) limit the effectiveness of these
tactics in many areas. Given these problems, new tac-
tics are necessary to maintain a viable management
program for corn rootworms. One such tactic, trans-
genic technology with resistance to corn rootworm
larval feeding, is being researched by several seed
companies (Monsanto Co., Pioneer HiBred Inc./Dow

Agrosciences Inc., and Syngenta Crop Protection
Inc.). YieldGard Rootworm, also known as MON863,
was registered for commercial use on 25 February
2003 and is the only product currently commercially
available. This transgenic corn expresses the Cry3Bb1
endotoxin from the soil bacterium Bacillus thuringien-
sis (Bt) Berliner, and is available for sale as a “stack”
with tolerance to the herbicide glyphosate.

For a Bt crop to be registered for commercial re-
lease, the Environmental Protection Agency (EPA)
requires an insect resistance management plan. Re-
cently, our group demonstrated in greenhouse studies
that western corn rootworm larvae develop to at least
the second instar on most grasses examined (Clark and
Hibbard 2004, Oyediran et al. 2004, Wilson and Hib-
bard 2004). MON863 is less efÞcacious for larvae be-
yond the Þrst instar (EPA ScientiÞc Advisory Panel
2002). A comprehensive resistance management plan
for the western corn rootworm requires information
on the role of grassy weeds as alternate hosts and larval
movement between susceptible and resistant plants.
Recently, Hibbard et al. (2003, 2004) demonstrated
that western corn rootworm larvae can move at least
three plants down a row and across corn rows. Hib-
bard et al. (2005) demonstrated that this movement is
affected by Cry3Bb1 roots. Movement of larvae from
susceptible to transgenic plants or vice versa could
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adversely affect resistance management (Mallet and
Porter 1992, Davis and Onstad 2000). Alternatively,
the interaction of grassy weeds, corn rootworm, and
transgenic, rootworm-resistant corn could affect re-
sistance management in a positive way if additional
susceptible beetles are produced from within the
transgenic Þeld.

The objective of this experiment was to determine
whether more western corn rootworm beetles were
produced from MON863 in combination with grassy
weeds (killed with glyphosate) than MON863 without
grassy weeds.

Materials and Methods

Greenhouse Experiments. Trial 1. An experiment
was conducted in which two grassy weedsÑgiant
foxtail, Setaria faberi R.A.W. Herrm, and large crab-
grass, Digitaria sanquinalis (L.) Scop.Ñglyphosate-
tolerant MON863, and its glyphosate-tolerant isoline
were planted in 19-liter pots containing 2:1 (vol:vol
autoclaved) soil/peat-based growing medium mixture
(Promix, Premier Horticulture LTEÉ, Quebéc, Can-
ada). Large crabgrass and giant foxtail had previously
been demonstrated to be larval hosts of the western
corn rootworm (Clark and Hibbard 2004). Drainage
openings in the pots were Þtted with a Þne (114 �m
per opening) stainless steel mesh (TWP, Inc., Berke-
ley, CA) to prevent larval escape (Clark and Hib-
bard 2004). The following treatment combinations
were evaluated: 1) MON863 alone, 2) isoline alone,
3) MON863 � giant foxtail � large crabgrass with
weed removal, 4) isoline � giant foxtail � large crab-
grass with weed removal, and 5) giant foxtail � large
crabgrass. The experiment was a randomized com-
plete block replicated 10 times where each pot served
as a replicate. Fertilizer (Peters Professional 20-20-20,
Spectrum Group, St. Louis, MO) was applied as nec-
essary, and plants were watered twice weekly. One
week after plant emergence, gene checks were con-
ducted on all MON863 plants by using kits provided by
Monsanto company to assay for expression of Cry3Bb1
protein (available from EnviroLogix, Portland, ME).
One month after planting, pots were infested with 40
neonate larvae by gently transferring them with a
moistened paintbrush into a 1-cm-deep hole at the soil
surface in each pot. Due to larval availability, seven
replicates were from a diapausing western corn root-
worm colony at the USDAÐARS Northern Grain In-
sects Laboratory, whereas the remaining three repli-
cates were from a nondiapausing colony maintained at
the Plant Genetics Research Unit, USDAÐARS, Co-
lumbia, MO. All corn � weed treatments were sprayed
with glyphosate in a 2% solution of Roundup Weath-
erMax (Monsanto Corporation) 4 to 5 d after infes-
tation.At25dafter infestation,potswerecoveredwith
screens to monitor adult emergence. A photoperiod of
14:10 (L:D) h was maintained with 1000-W sodium
bulbs (GE Lighting, Cleveland, OH). A temperature
recorder (Dickson SL 4350C7C, Dickson, Addision,
IL) was used during the entire experiment, and tem-
peratures remained relatively constant at 27 � 2�C.

Beetle emergence was monitored and recorded a min-
imum of twice weekly until no beetles had been col-
lected for 3 wk.
Trial 2. The above-mentioned experiment was re-

peated and designated as trial 2. Treatment combina-
tions and experimental designs were the same as de-
scribed in trial 1, except that only nondiapausing
larvae were infested in all replicates.
Trial 3. The same experiment was repeated, but

two additional treatment combinations were added:
1) MON863 � weeds (no glyphosate spray) and
2) isoline � weeds (no glyphosate spray). The re-
maining experimental procedures were the same as
in previous trials. Also in this trial, two experiments
were conducted, one with the diapausing colony used
for seven replicates of trial 1 and one with the non-
diapausing colony used for the remaining three rep-
licates of trial 1 and all of trial 2. Each experiment was
replicated ten times.
Fecundity Studies. Development of reproductive

potential using a laboratory-controlled environment
can provide insight into species population dynamics
that could be manifested under Þeld conditions
(Boetel and Fuller 1997). Several studies have been
published regarding the reproductive biology and
adult longevity of the western corn rootworm (Ball
1957, Branson and Johnson 1973, Hill 1975).

In these studies, males and females that emerged
from the same treatment combinations were allowed
to mate among themselves. The number of crosses
made for each treatment was not equal due to the
differences in the number of beetles recovered from
the treatments. Beetles were reared following the
methods of Boetel and Fuller (1997) with a few mod-
iÞcations. Each mating pair was placed in a 7.6 by
5.7 by 5.7-cm plastic box (Gary Plastic Packing Com-
pany, Bronx, NY). Beetles were maintained using a
modiÞcation of the Boetel and Fuller (1997) tech-
nique and held at a photoperiod of 14:10 (L:D) h and
25�C. At the bottom of each plastic box was a 2-cm
layer of moistened silty loam soil that served as an
oviposition substrate. Before placement in boxes soil
had been sieved through a 70-mesh sieve and auto-
claved. Soil was moistened to near saturation and
scariÞed to serve as an oviposition substrate. Beetles
were fed dried diet moistened with honey (Jackson
1985) and supplied with water source for 4 wk, when
adults were removed. For the diapausing beetles, the
oviposition chambers containing the soil were placed
into cold storage at 4�C 10 d after removal of the adults
for a period of 180 d to ensure termination of egg
diapause as suggested by Fisher et al. (1994). After
180 d, eggs were washed in cold water in a 60-mesh
sieve to remove them from the soil and transferred to
a moistened Þlter paper in a petri dish (14 by 2 cm)
with square grids. All eggs recovered were counted
under a microscope (M3Z, Wild Co., Heerbrugg,
Switzerland). For nondiapausing beetles, eggs were
removed from the soil once per week for 4 wk by
washing as described above, but in water at room
temperature. After washing and counting, the eggs
were then placed in a petri dish (14 by 2 cm) taped
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with ParaÞlm M (American Can Company, Green-
which, CT) and placed in a growth chamber 25 �
0.5�C. Eggs were checked two times weekly, and Þnal
percentage of hatch was determined.
Statistical Analysis. Adult emergence data were an-

alyzed as a randomized complete block design using
the PROC GLM of the statistical package of SAS (SAS
Institute 2002), and the least signiÞcant difference
(LSD) was calculated (� � 0.05). Beetle emergence
data were transformed because the normal probability
plot of residuals indicated that data were not normally
distributed. The square root (x � 0.5) transformation
was used because it was the most effective in stabi-
lizing the variance (Snedecor and Cochran 1989). Egg
data were not analyzed because of the inadequate
sample size.

Results

All the MON863 plants that were checked tested
positive in the gene check test, and all the isoline
plants checked were negative. When weeds were
sprayed, symptoms of aboveground chlorosis to the
giant foxtail and large crabgrass occurred 3 d after
spraying, and plants looked mostly dead after 5 d.
Trial 1BeetleRecovery.Whendata fromdiapausing

and nondiapausing beetles were pooled, signiÞcantly
more (F� 5.03; df � 4, 36;P� 0.0025) beetles emerged
from MON863 � weeds sprayed with glyphosate than
MON863 alone or weeds alone (Table 1). The greatest
number of beetles was recovered from the isoline with
weeds treatment, and the lowest number of beetles
was recovered from MON863 alone. There was no
signiÞcant difference among the isoline, isoline �
weeds sprayed with glyphosate, and MON863 �
weeds sprayed with glyphosate in total number of
beetles recovered (Table 1). Similar results were ob-
tained when beetle production from the diapausing
(F � 2.99; df � 4, 24; P � 0.0392) and nondiapausing
strains (F� 5.33; df � 4, 8; P� 0.0216) were analyzed
separately (Table 1), although weeds seemed to have
more of an effect on the nondiapausing replications
during trial 1. The Þrst beetle that emerged from the
MON863, weed, and MON863 � weeds sprayed with

glyphosate treatments was 9, 18, and 2 d later, respec-
tively, than the Þrst beetle that emerged from the
isoline treatment.
Trial 2 Beetle Recovery. The number of beetles

recovered varied signiÞcantly between treatment
combinations (F� 8.85; df � 4, 36; P� 0.0001), but no
signiÞcance was found between the number of beetles
emerged from MON863 � weeds sprayed with
glyphosate and isoline or isoline plus weeds sprayed
with glyphosate (Table 2). The highest number of
beetles was recovered from the isoline � weeds and
the lowest from MON863 alone. No beetle was recov-
ered from weeds alone (Table 2). The Þrst beetle that
emerged from the MON863 treatment was 4 d later
than the Þrst beetle that emerged from the isoline
treatment. There was no delay in emergences from the
MON863 � weeds sprayed with glyphosate treat-
ments.
Trial 3BeetleRecovery.The totalnumberofbeetles

recovered varied signiÞcantly between treatments for
both the nondiapausing strain (F� 6.40; df � 6, 54;P�
0.0001) and for the diapausing strain (F � 3.17; df �
6, 54; P� 0.0098). The total number of beetles recov-
ered from the nondiapausing strain did not vary sig-
niÞcantly among isoline, MON863 � weeds sprayed
with glyphosate, and isoline � weeds sprayed with
glyphosate (Table 3). Similar data were found in the
diapausing strain, but isoline � weeds sprayed with
glyphosate had more adults for unknown reasons

Table 1. Beetle emergence (mean � SE) of combined,
diapausing, and nondiapausing adults from Trial 1

Treatment
Total

Combineda Diapausingb Nondiapausingc

MON863 0.30 � 0.21b 0.14 � 0.14c 0.66 � 0.66bc
Isoline 3.90 � 0.95a 3.00 � 1.15a 6.00 � 1.00ab
MON863 � Weedsd 3.30 � 1.42a 1.00 � 0.58abc 8.67 � 2.73a
Isoline � Weeds 4.80 � 2.38a 1.71 � 0.75ab 12.00 � 6.60a
Weeds 0.60 � 0.33b 0.71 � 047b 0.33 � 0.33c

Means followed by the same lowercase letter(s) in a column are not
signiÞcantly different (P � 0.05). Although untransformed data are
shown, analysis was performed using square root (x � 0.5) transfor-
mation.
a n � 10 when combining data from two strains.
b n � 7 diapausing western corn rootworms.
c n � 3 nondiapausing western corn rootworms.
dWeeds treated (removed) with glyphosate 5 d after infestation.

Table 2. Western corn rootworm beetle emergence (mean � SE)
for trial 2

Treatment No. beetles

MON863 1.60 � 0.31b
Isoline 3.90 � 1.01a
MON863 � weedsa 3.30 � 0.93ab
Isoline � weedsa 4.10 � 0.94a
Weeds 0.00 � 0.00c

Means (n � 10) followed by the same lowercase letter(s) in a
column are not signiÞcantly different (P � 0.05). Although untrans-
formed data are shown, statistics were performed using square root
(x � 0.5) transformation.
aWeeds were killed with glyphosate 5 d after infestation.

Table 3. Western corn rootworm beetle emergence (mean � SE)
for trial 3

Treatment
No. beetles

Nondiapausing Diapausing

MON863 0.30 � 0.21c 0.00 � 0.00c
Isoline 3.00 � 0.73a 0.40 � 0.22b
MON863 � weeds

(glyphosate treated)
1.60 � 0.37ab 0.30 � 0.15b

Isoline � weeds
(glyphosate treated)

2.00 � 0.73ab 1.10 � 0.45a

Weeds 0.10 � 0.10c 0.10 � 0.10c
MON863 � weeds

(untreated)
0.60 � 0.30d 0.10 � 0.10c

Isoline � weeds (untreated) 1.10 � 0.40b 1.10 � 0.37a

Means (n � 10) followed by the same lowercase letter(s) in a
column are not signiÞcantly different (P � 0.05). Although untrans-
formed data are shown, the analysis was performed using square root
(x � 0.5) transformation.
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(Table 3). The Þrst beetle that emerged from the
MON863, weeds, and MON863 � weeds sprayed with
glyphosate was 16, 26, and 7 d later, respectively, than
the Þrst beetle that emerged from the isoline treat-
ment in the nondiapausing portion of this experiment.
For diapausing portion of the experiment, the Þrst
beetle that emerged from weeds and MON863 � weed
sprayed with glyphosate was 18 and 21 d later, respec-
tively, than the Þrst beetle that emerged from the
isoline treatments.
Fecundity Studies. The mean number of eggs laid

per female are presented without analysis because of
the low number of beetles (Table 4). In each trial,
beetles reared on isoline plants had higher oviposition
rates than beetles from the MON863 (Table 4). More
eggs were laid from MON863 plus weeds than from
MON863 alone, but this was still fewer than the num-
ber of eggs laid by females recovered from isoline
plants (Table 4). The viability of eggs ranged from
69.1 to 81.6% and was generally slightly lower when
the adults had been reared as larvae on MON863
(Table 4).

Discussion

Results from the three trials are similar. Generally,
the total number of beetles recovered did not vary
signiÞcantly among the isoline, isoline planted with
weeds, and MON863 with weeds, and more beetles
were recovered from MON863 � weeds than
MON863 alone or weeds alone. Beetle emergence also
was delayed fewer days behind the isoline treatment
in the MON863 � weeds treatment than the MON863
alone or weeds alone treatments. These results doc-
ument the potential role of weeds in the survival of
western corn rootworm larvae on MON863. Move-
ment of larvae from susceptible to transgenic plants or
vice versa could adversely affect resistance manage-
ment in several ways (Mallet and Porter 1992, Davis
and Onstad 2000). In the MON863 � weeds treatment
(subsequently sprayed with glyphosate), some west-
ern corn rootworm neonates apparently started their
development on the roots of the grassy weeds. How-
ever, when the grassy weeds were killed with glypho-
sate, the larvae apparently moved to and completed
their development on MON863 roots. By the time the
larvae moved from the dead grassy weeds to MON863,
they were most likely large enough to overcome the

Cry3Bb1 dose expressed in MON863 and able to use
it as food for development. Evidence suggests that
MON863 is only effective against the Þrst instar (EPA
ScientiÞc Advisory Panel 2002). The low numbers of
beetles recovered from MON863 alone also suggest
that the product killed most of the Þrst instars that fed
on it. The level of Cry3Bb1 expressed in Bt corn roots
has been measured at between 60.2 and 80.7 ppm at a
V4 corn growth stage and between 40.5 and 49.3 ppm
at a V9 corn growth stage (Vaughn et al. 2005). The
concentration (LC50) of Cry3Bb1 that killed half of
the neonate western corn rootworm larvae in a diet
bioassay was 50Ð75 ppm (EPA ScientiÞc Advisory
Panel 2002). Obviously, the levels of Cry3Bb1 found in
Bt corn is not an extremely high-dose like previous Bt
products, yet root protection in basically every Þeld
trial to date is at least nominally better than standard
insecticides, often statistically, signiÞcantly so (EPA
ScientiÞc Advisory Panel 2002, Vaughn et al. 2005).
Because the corn rootworm product does not Þt the
high-dose refuge paradigm of other Bt crops, other
aspects of this system could be unique as well. It could
be that partial development on grassy weeds is a good
thing in terms of resistance management if more sus-
ceptible adults are produced within the transgenic
Þeld. This will not be known until progeny can be
evaluated.

Although we did not evaluate progeny on MON863,
we did collect oviposition and egg viability data. In
each trial, the greatest number of eggs laid per female
was recorded in females from isoline plants, and the
lowest was from MON863. Egg viability was also
slightly lower in the MON863 alone treatment. These
Þndings are in agreement with Þndings of Boetel et al.
(1998) who documented a reduction in the fecundity
of western corn rootworm beetles that were exposed
to insecticide treatments larvae compared with un-
treated beetles. Oviposition was generally higher in
our study when adults were reared on MON863 �
weeds than when reared on MON863 (Table 4). How-
ever, sample size was not adequate for statistical anal-
ysis.

Data from trials 1 and 3 were collected on both a
diapausing and a nondiapausing strain of the western
corn rootworm. Trial 2 consisted only of the nondia-
pausing strain. In trial 1, the three replications with
the nondiapausing strain had much more of an effect,
in terms of increased adult emergence in the presence

Table 4. Eggs (mean � SE) laid per female with percentage viability

Treatment

Total no. eggs per female/% egg hatch

Nondiapausing Diapausing

Trial 1 % hatch Trial 2 % hatch Trial 3a % hatch Trial 1 % hatch

MON863 180.0c (1) 70.0 244.3 � 24.7 (3)a 76.4 220.1 (1) 70.00 95.0 � 6.0 (2) 69.1
Isoline 390.1 � 1.8 (3) 81.6 404.3 � 13.1 (4) 80.1 411.6 � 7.26 (4) 71.60 278.3 � 15.0 (4) 71.7
MON863 � weedsb 295.8 � 9.2 (2) 72.5 384.3 � 14.4 (5) 75.4 373.3 � 7.49 (5) 73.35 210.0 � 20.2 (2) 70.5
Isoline � weedsb 368.3 � 18.0 (2) 75.0 398.6 � 8.2 (4) 81.3 408.0 (1) 80.00 275.0 � 5.0 (2) 77.5
Weeds n/ac n/a n/a n/a n/a n/a n/a n/a

aNumbers in parentheses represent the number of mating pairs
bWeeds were killed with glyphosate 5 d after infestation.
c n/a, not available.
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of weeds, than did the diapausing strain. The nondia-
pausing strain has been in colony for well �100 gen-
erations (Hibbard et al. 1999). However, this colony
was never selected for survival on grassy weeds, and
there is no reason to expect that it would have better
survival on alternate hosts than other western corn
rootworm colonies. The reason the nondiapausing col-
ony seemed to do better on combinations of alternate
hosts and corn cannot be explained.

Of 60 grass species recently evaluated for western
corn rootworm growth and development, larvae sur-
vived for at least 10 d on 57 species and grew to the
second instar on 50 of the 60 grass species evaluated
(Clark and Hibbard 2004, Oyediran et al. 2004, Wilson
and Hibbard 2004). Although the current study only
evaluated a mixture of giant foxtail and large crabgrass,
our data may be applicable to most grassy weed spe-
cies similar in host status.

Our greenhouse results imply that corn rootworm
neonates established and fed on grassy weeds and
moved to MON863 glyphosate-tolerant rootworm-
resistant corn after herbicide application. This behav-
ior increases the risk that signiÞcant damage could
occur on MON863 and lead to increased beetle pro-
duction. However, under Þeld conditions, are more
beetles likely to be produced from MON863 when
weeds are present than when weeds are not present?
Are the beetles that are produced from MON863 plus
weeds going to be of a susceptible genotype (creating
a refuge within the transgenic Þeld)? These are ques-
tions that will need to be addressed for a complete
understanding of this system.
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